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Abstract
The preparation and characterizai ion of the binary arsenopyrite compounds

CoSb2 and IrSb2 and IrXCol.XSb2  alloys is ] cported. Single c~ystals c~f CoSb2 were grown
by the vertical gradient freeze tcwhniquc from solutions rich in antimony. Polycrystalline
samples of IrSb2 and IrXCol.XSb2 alloys were prepared by hot-pressing of prereacted
elemental powders. Samples wc~e investigated by X-ray ciiffractomctry,  microprobe
analysis and density measurements. II was found that a range of solid solution exist in the
systcm IrXCol.XSb2 for 0.1 <xSO.8. %rnplcs were also charactwized by high temperature
electrical rcsistivity, Seebeck cmeflicient and thermal conductivity. measurements. All
materials have p-type conductivity and arc semiconductors. A band gap of about 0.98 eV
was calculated for lrSb2. Preliminary measurements c}f the thermoelectric properties of
these materials showed that their potential for them Ioclcctric applications is limited.

Keywords: A. intermetallic compounds, A. semiconductors, D. crystal growth, D,
transport properties.

1. introduction
A large number of compounds with the pyrite, mar casite and arsenopyrite

structure has been reported in the literatul c. These three stmcture type are closely related
to each other [1]. Most of these compounds are semiconductors [1]. The structure of
most these compounds has been well charactmizcd but data about their electrical and
thermoelectric properties is limited, especially for the arscnopyrite compounds. The
arsenopyrite structure was first established for a mineial of F’eAsS by Buerger [2].
IIowevcr, CoSb2 is generally accepted as the prototype for this class of compounds [3].
Binary arscnopyrite compounds are formed by combinaticm of Co, Rh and Ir with P, As,
Sb and Ili wi{h” the exception of COPZ and CoBiz. Many ternary compounds
arsenopyrite monoclinic structure have also been reported in the lilwature [1].

with the
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Qur interest in these compounds resulted from a search for new thermoelectric
materials. Very little is known about the thcrrnoclcctnc  properties of arsenopyrite
compounds and we report in this paper on the preparation and tllcrmoclectric properties
of the binary compounds lrSb2, CoSb2 and their solid solutions. CoSb2 and IrSb2 are
isostructural compounds and recent structural data for these compounds can be found in
reference [3]. In a recent study of the high temperature behavior of the compounds COAS2

and CoSb2 by magnetic, electrical and calorimetric measurements on small single crystals
prepared by a chemicat vapor technique, Sicglist and IJul]igcr found that these
compounds undergo a tr-ansforlnati on from the a] seriopyrite to marcasite structure at
527°C and 371 ‘C for COASZ and CoSb2, rcspectivcl y [4]. They rdso estimated a band gap
of about 0.17 eV for CoSb2 from high temperature rcsi stivity measurements. This is in
good agreement with a value of 0.2 eV determined by Dudkin and Abrikosov using the
same type of measurements [5]. Sicgri st and I lulligcr concluded that the low-temperature
arsenopyrite phase of CoSb2 is swnicmducting WI Iercas the hipj]-temperature marcasite
phase has a metallic behavior. I’hcy measured a p-type Swbcck codllcient of about 40
pV.K-l on their crystals. Althoul;h scme data are available for CoSb2, a full
characterization of its thermoelectric properties was not accomplished up to now and no
data are available about the elcct~ ical propcttics of lrSb2 to the best of our knowledge. We
prepared samples of IrSb2, CoSbl, and their alloys and measured some of their
thermoelectric propcrti es. The results are presented in this paper.

2. Expcrimmtal
Crystals of CoSb2 were grown by the gradient-free.ze technique. The compound

CoSb2 forms peritcctically at 929°C [6]. The Co-St) phase diagram shows that the growth
of CoSb2 can be initiated from Sb rich melts between 83 and -90 at .OA Sb [6]. A two-zone
furnace was used and a thermal baflle. was introduced bctwce.n the upper and the lower
zone in order to prevent air convection. An opening of about 12..5 mm in diameter was
made in the center of this bafllc to introduce the melt container. Details about the furnace
used for the growth can be found in reference [7]. The growth was conducted in a sealed
quartz ampoule which was stationary during the growth. The temperature close to the
upper part of the thermal baflle was controlled by a temperature programmerkontr-oiler
and a second temperature controller maintained a constant twnperature gradient between
the upper anti the lower zones of the furnace. The funlace was calibrated and temperature
gradients as high as 125 OC/cm were obtained near the interfaw. The growth process was
carried out by lowering the tempcratul e of the furnace and the temperature gradient could
be adjusted by changing the diflcrcnce in the temperatures si~aintained between the two
zones. Co (99.99°/0) and Sb (99.9999°/0) were intl educed into pointed quartz ampoules,
coated with graphite, and sealed under vacuum. I’wo diflcrent nominal compositions of
the melt were used: 85 and 87 at.OA Sb and the total charge was about 30 g. A temperature
gradient of about 50 OC/cm was maintained at the growth intcl face and the growth rate
was about 0.7 OC/hour.

It was found in a recent investigation of the lr-Sb phase diagram that the
compound IrSb2 decomposes pcritccticall y at about 1475°C [$]. Because of the high
temperatures required for the growth of 11 Sbz crystals from the rnel~ the preparation of
polycrystalline samples of IrSb2 and lrXCol.XSb2 solid solutions was preferred. Singte
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phase, polycr-ystrdline samples were prepared by direct reaction of the elements. Iridium
(99.9s%), cobalt (99.99%) and antimony (99.9999Yo) pcnvders were mixed in
stoichi ometric ratio in a plastic vial before being loaded in a steel die where they were
compressed into a dense cylindrical pellet. The pellet was sealed under vacuum in a
quartz ampoule which was heated for several days at a temperature between 600 to
10OO°C. The product was then removed from the arnpoulc, crushed, ground in an agate
mortar, loaded again in a quartz ampoule a~id heated for scvcrd days at a temperature
bctwccn 880 and 1000°C. The exact duration and telnpcratule of the annealing is reported
in the result section. Products of the armealing were rem ovcd from the ampoules  and
anal yzed by X-ray diffractometly  (XRD). Dense samples about 10 mm long and 6.35
mm in diameter were prepared by hot -pressing of the prereactcd powders in graphite dies.
The hot-pressing was conducted at a pressure of about 20,000 psi and at a temperature
between 800 and 900°C for about 2 hours.

XRD analysis was performed at room temperature on a Siemcns D-500
diffractometer using the Cu-Ka radiation. Small adc?iticms of Si powders were made to the
samples as an internal standard, Powder X-ray patterns were taken with scan steps of
20=0.05° and counting time of 3 s. l-lot-pressed samples were polished using standard
mctallographic  techniques and were investigated using an optical microscope with and
without light polari~,ati  on or Nomarski contrast to obswve their quality and homogeneity.
Microprobe anal ysis (MPA) was performed on selectecl samples to determine their
atomic composition using a JEOI. JXA-733 electron supcrprobc  operating at 20 kV of
accelerating potential and 25x1 0-9 A of probe cm-rent. Pure elements were used as
standards and X-ray intensity measurements of pwk and back~round were conducted by
wavelength dispersive spcctrometry. Mass densities were determined using the
immersion technique and toluene as t}ic liquid.

The electrical and thermal transport propel ties of the samples investigated were
measured between room tempcrat ure and about 600°C. The clcctlieal resi stivity and the
3 lall cocfflcicnt were measured by the van dcr Pauw lncthod using tungsten probes
located on the top surface of the wimp] c. as close as possible to the sample’s edge
(typically a 1 mm thick, 6.3S mm diameter slice) [9]. ‘1’hc Scebcck cocfllcient
measurement was conducted by creating a variable temperature difference across the
sample and measuring the corresponding linear variation of its thcrmcwlcctric  voltage [10].
Large samples are usually measured by this technique but samples as thin as 1 mm can
also be accommodated. The them~al di ffusivity and the heat capacity of selected samples
was measured by a flash cliflusivity technique [1 1].

3. Results for CoSb2 and lrSb2

Several ingots of CoSb2 were successfully grown and, as expected, the grown
ingots were composed of two parts: the lower part corresponding to the arsenopyrite
compound and the upper part corresponding to a Sb-rich cutectic. The lower part of the
ingots was cut from the rest of the ii~got using a diamond saw and subjected to further
anal ysis. The density of the entire lower portions of the in@s were found to be about
99.6 ‘A of the theoretical density of CoSb2, 8.34 g.cn~-3. MPA showed that the samples
were single phase with a composition cl ow to 1:2, in agremncrrt with the results of
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Kjekshus who found that CoSb2 does not have appl eciablc stoichiometric  deviations [3].
Ingots ofCoSb2 were typically composed ofa few large gitins (-5 mm) but single
crystals about lOmmindian~eter andl mm thick wcrealsoobtailmd.  Sample sinthefoml
ofdisksaboutl  mm thick and IO mm in diameter wcrecutfiom the single crystal part of
theingots for transport property measurements. The results of these measurements are
presented inthe following paragraph. Thedensity ofthelrSb2hot-pressed samples was
found to be about 95% of the theoretical density, 11.06 g.cm-~. Mf]A of the hot-pressed
samples showed that the samples were single phase with a composition close to 1:2.
Samp]cs about 6.35 mm in diameter and 1 mm thick were cut from the hot-pressed bars
for thermoelectric measurements.

The room temperature propel~ies of one hot-pressed lrSb2 sample and several
CoSb2 samples cut from two ingots gI-own frc)m two different nominat compositions are
reported in Table 1. All samples have p-type conductivity at room temperature. A
maximum IIall mobility value of about 150 cm2.V-1 .s-l was measured on a CoSb2 crystal
with a earlier concentration of 1.15 1020 cm-~ which is relativcl y high at this doping level.
Very little variation is observed in canier concentration for CoSb2 samples obtained from
ingots grown from different nominal melt compositions. This result supports the idea that
CoSb2 is a compound with small stoichiomctric deviations and the carrier concentration of
the samples does not vary with the temperature of ciystalliz.ation. Because of the high
doping ICVCI but also the relatively high 1 Jail rnobilit y values, the electrical resistivity
vatues of the CoSb2 samples are low, The h-Sb2 hot-pressed sample has also a p-type
conductivity but a much lower doping. level and Ilall mobility, resulting in quite a large
electrical resi stivity value.

The results of high temperature electrical rcsistivity, 1 lall mobility, Seebcck
coeflicicnt and thermat conductivity measurements on two CoSb2 crystals (ING2 and
2NIl 10) and one hot-pressed IrSb2 sample (1 NIF8HP) are shown in figures 1, 2, 3, 4 and
5. The variations of the electrical resistivity (p), 1 lall mobility (p), Sccbcck coefficient (a)
and thermal conductivity y (~) with temperature consistent y show a transition in the
properties of CoSb2 samples at a temperature. of about 370”C. This transition
corresponds to the transition from the. arscnopyritc structure at low temperature to the
marcasite structure above this temperature which has been desclibcd in details by
Kjekshus andRakkc[12]. Our transition temperature for CoSbj is in excellent agreement
with a transition temperature of371 “C reported by Siegtist and 1 Iulliger [4] and 377°C
by Kjckshus and Rakke [12]. For IrSb2, no transition was observed up to 600”C, in
agreement with the results of Kjckshus and Rakkc. who fount{ that lrSb2 maintains the
monoclinic sttucture up to a maximum temperature of about 1027°C [12]. Thermal and
electrical properties of CoSb2 show that the low-tei npcrature al scnopyrite phase behaves
as a heavily doped semiconductor. The. resi stivity increases up to the transition
temperature and the doping level of the crystals was too hi@ to observe any intrinsic
behavior and estimate a band gap. The Hall mobility and Secbeck cdl’’icient decrease up
to the transition temperature. ‘Me high-temperature marcasite structure has a distinct
metallic behavior: very low I M1 mobility, low Seebcck cocfllcimit and increasing thermal
conductivity with temperature. The thermal conductivity of CoSb2 is about 118 mW.cm-
1.K-] at room temperature and dccreaws to a minimum value of about 50 mW.cm-l. K-l at
the transition temperature.



Figure 1 shows that an intrinsic. behavior is observed at high temperatures in the
variations of the electrical resistivity of the p-type IrSb2 sample. A band gap of about
0.98 eV was calculated for lrSb2 from the qua$i-linear variations of the electrical
resi stivit y at high temperatures. ‘J”hc Ilall mobility and the Scebcck codlcient  of the p-
type sample (1 NF811P) increase with tcmperatul e, indicating that mixed conduction
occurs at low temperatures. The thermal conductivity decreases with temperature from a
room temperature value of about 105 mW.cm”].K”’ to a minimum value of about 50
mW.CnI”l .K-* between 600 and 7’OO°C.  These relatively high thcx mal conductivity values
limit the thermoelectric figure of merit (z) of IrSb2 defined as Z=(X2/pL Although no
efforts were made to optimize the carrier concentration in order to decrease the electrical
rcsistivity, it seems unlikely that high fi~urcs of merit can be achieved for IrSb2. The same
conclusions can be drawn for CoSb2 which, despite the good Ilall mobility obtained for
this compound, has also a rather large thermal conductivity. Reduction in thermal
conductivity might be achieved in scdid solutions between i sosti-uctural compounds. We
investigated the existence and properties of lrXCol .XSb2 scdid soluti ens. The results are
presented in the following section.

4. Results for lrXCo1Jlb2 solid solutions

Alloys in the composition range 0-100 mole% CoSb2 were prepared. The
preparation conditions and the results of the characterization of the samples are
summarized in Table 2. hflPA and X-ray analysis showed that a partial solid solution
exist in the system IrXCol.XSb2 for 0.1 S x <0.8. X-ray analysis of samples with 50 and 80
n~olcO/i of CoSb2 showed that they were multiphase and contained two arsenopyrite
phases: one IrSb2-rich and the second one CoSb2-rich, Figure 6 shows the X-ray pattern
for IrSb2 and lrXCo1#b2 alloys with x = 0.9, 0.8 and 0.1. A sllifl in the peak position
around 2@=49° can be observed for lrSbj-rich alloys and is an indication of the solid
solution fom~ation, Only very slight shifts can be observed for some angles which
indicates that the structure is distol~cd o]dy in some crystallographic directions. The
pattern for the alloy with x = 0.1 is consistent with the pattern of CoSb2 and shows a
shift in the peak position,

We investigated the thermoelectric properties of alloys within this range of
composition. Three samples with 10, 20 and 90 mole% CoSb2 were prepared and hot-
pressed. The experimental densities lneasured on the hot-pressed samples are listed in
Table 2 and are close to the calculated theoretical density. ‘l’he results of MPA of these
samples showed that the sample were single phase and confrrlned the existence of a range
of solid solutions for 0.1< x <0.8 found by X RD anal ysis. The room temperature
properties of the alloys are summarized in Table 2. All the alloys have p-type
conductivity. The trends observed for the. binary compounds can also be seen for the
alloys: the IrSb2-rich have relative] y Ialgc electrical resistivity and low IIall mobility
values whereas the CoSb2-rich alloy has a low electrical resistivity value and a good Hall
mobility value. The results of high temperature electrical Icsistivity, IIall mobility,
Secbeck cocfllcient and thermal ccmductivit y measurements on
(2A15) and two IrSb2-rich alloys (3A16 and ?. Al’/) are shown in
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figures 1, 2, 3 and 4,
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respectively. The CoSb2-rich alloy behaves similarly to CoSbz. The phase transition
(arsenopyrite to marcasite) can bc observed at a temperature of about 350°C in the
variations of the Seebeck cmcflicient and }lall mobility with twi~perature. The Seebeck
coefllcient  values arc relativcl y low. The lrSb2-nch alloys behave quite differently than
the cmmpound IrSb2. Effects of mixed conduction arc not as strong at low temperatures in
the alloys because of their higher doping level. The alloys have much larger Seebeck
coetllcient values than IrSb2 but tl]e intrinsic domain seems to be shified towards lower
temperatures when the material contains more CoSb2. This might be related to a decrease
in the band gap of the allc)ys from IrSb2 (0.98 ev) to CoSbz (-0.23 eV) [4]. The power
factor values (cx2/p) for the CoSb2+ich  solid solution are low due the low Nxbeck
coefficient of the samples. The power factor values of the two lrSb2-rich alloys increase
with temperature and a maximutn value of about 11 pW.cm-*. K-2 was obtained for the
alloy with 10 molcO/O of Ccf3b2 at 600C’C.

Significant improvements in ihc figure of Inerit by forming solid solutions are
possible because of the drop in lattice thermal conductivity when the drop in wrier
mobility is not too important. I’he two lrSb2-rich alloys were n)easured  for thermal
diffusivity and heat capacity from room temperature to about 600°C. Combining these
two measurements, the calculated thermal conductivity of these samples are shown in
Figure 5. Results show a very large drop in thermal ccmductivit y compared to the values
for the compounds IrSb2 and CoSb2. ‘l’he thermal conductivity for both alloys is almost
temperature independent which indicates a very strong point defect scattering. The
thermal conductivity for the alloy with 20 mole% of CoSb2 is about 28 mW.cm-J.K-J,
significantly lower than for the alloy with 10 mcdeOA. These values are comparable to
state-of-the-art high temperature thennoclcctric materials such as SiGe alloys [13]. A
maximum ZT value of about 0.2 was obtained for the rdloy with 10 moleO/O of CoSb2 at a
temperature of abcmt 600°C.  Preliminary measurements on alloys indicate that their
thermoelectric potential is limited by their low Iktl mobility for lrSb2-rich alloys and low
Sccbeck coefficient values for the CoSb2-rich alloys. The thermoelectric figure of merit of
these materials might slightly bc improved by opti]niz,ation of their doping level of these
alloys but ZT values higher than state-of-the-art thermoclcct~ic materials are unlikel y to
be achieved.

Conclusion
Single crystals of CoSb2 were grown and polycrystallinc  samples of IrSb2 were

prepared by hot-pressing of prereacted elemental powders of h and Sb. X-ray and
microprobe anal ysis of alloys in the syst cm lrXCol.XSb2  showed that there is a range of
solid solution for 0.1 sS0.8.  The therm oc.tcctric potential c)f CoSb2, IrSb2 and their alloys
was investiagted by high temperature c1 cctri cal resi stivity, Scelmck cocflicient and thermal
conductivity measurements. It was found that all the sample investigated were
semiconductors and a band gap of about 0.98 eV was calcul atcd for lrSb2. CoSb2 crystals
are characterized by a relatively hig)~ mobility, low !Wcbeck c.oefllcicnt and a relatively
large thermal conductivity. Tlvmnoelcctri c properI y nicasurcn~cnts of CoSb2 crystals also
revealed a transition from the arscnopyritc  to the marcasite structure
about 370°C, in gcmd agreement with previous literature results. No
observed for the lrSb2 hot-pressed samples u]) to 600°C. The

at a temperature of
transformation was
lrSb2 samples are
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characterized by a low carrier mobilily and high thermal conductivity. Ir,Co@bz alloys
behave similarly to the closest binary compound but have much lower thermal
conductivity due to increased point defect scattering. Preliminary measurements of the
thermoelectric properties of these arscnopyrite matcria!s showed that their thermoelectric
potential is limited.

Acknowlcdgrncnts

The work described in this paper was canicd out by the Jet Propulsion
Laboratory/California Institute of Techrm]ogy, under contract with the National
Aeronautics and Space Administration. The author would like to thank Dr. Jean-Pierre
Fleurial and Dr. Alex Borshchevsky for useful discussions, Danny and Andy Zoltan for
thermoelectric proprxties measurcmcnlts, Paul Carpenter for micrc)probe analyses and Jim
Kulleck for XRD analyses.

IUferenccs

1.
2.
3.
4.
5.
6.
7.

8.

9,

10.
11.

12.
13.

Hulliger F. and Mooser E, J. l’hy.s.  Chern,  SWids  26, 429(1965).
Buergw M. J., Z. Krist.  95,83 (1936).
Kjekshus A., Acfa Chmn. Stand 25,2(1971).
Siegrist T. and IIulliger F., J. Solid,%fe  Chern. 63,23 (1986).
Dudkin L. D. and Abrikosov N. Kh., Rus.v. J. Inorg. Chem.  2,325 (1957).
Feschotte P. and Lorin D., J. l.ess-(lxmnon A4elals 155,255 (1989).
Borshchevsky  A., Caillat T. and Flcurial J. -P., NASA 7kch. Briej’  18,3,68
(1994).
Caillat T., Ilorshchevsky A, and Flcurial J. -1’., J. of AIIoys and Compounds
199,207 (1993).
McCormack J. A. and F1curial J. -P., in Modern  Perspectives on 7hermoelectrics

andl{elatedMaterials, MRS Symp. Proc. 234, 135, (Mat trials Research
Society, Pittsburgh, Pennsylvania 1991 ).
Wood C., Zoltan D. and Strrpfm G., Rev. Sci. htrum. S6, 5, 719(1985).
Vandersande J. W., Wood C., Zoltan A. and Whittenberger D., 7hermal
Conductivity, Plenum Press, New York, 445 (1988).
Kjekshus A. and Rakke T., AciD. Chem.  Stand Ser. A31, 517(1977).
Vining C. B., J. App/.  Phys. 69, 1,331 (1991).



Tat)lcs captions

Table 1. Some properties of the compounds lr Sb2 and CoSt12 samples at room
temperature.

Table 2. Some properties of lrXCol.XSb2 alloys at room temperature. The
theoretical density c)fthe IrXCol-XSb2 alloys was crilculated assuming a
linear variation of the density between the binary compounds.

Figure captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure S.

Figure 6.

Electrical resistivity versus inverse temperature 1[ Sb2 sample (I NF8HP)
and lrXCol-XSb2 samples with x ==0.9 (3A16) and x’ 0.8 (2A17).

Electrical resistivity versus inverse temperature for CoSb2 samples (ING2
and 2NB 10) and lrXCol.XSb2 sample with x=O. 1 (2 A15).

Hall mobility versus temperature for CoSb2 samples (1NG2 and 2NB1O),
IrSb2 sample (1 NF811P) ancl lrXCol.XSb2 samples with x ==0.9 (3 A16),
x=O.8 (2A17) and x=O. 1[ (2A15).

Seebeck coefficient versus inverse temperature for CoSb2 samples (1NG2
and 2NB 10), IrSb2 sample (1NF81 1P) and lrXCol.XSb2 samples with x =0.9
(3A16), x=O.8 (2A17) and x=O. 1 (2A15).

Thermal conductivity versus inverse temperature for CoSb2 (1 NG2), IrSb2
(1 NF811P) and IrXCol-XSb2 smnp]cs with x =0.9 (3A16) and x=O.8 (2A17).

X-ray diffraction pattern for IrXCol.XSb2 alloys with X=Z1, 0.9, 0.8,0.1 and
O. For clarity, selected angles are shown only.



Nominal Preparation lType Room temperature properties
method k

Composition I  &.3, (Cmz;-’s-’!
Sample (at%) (m(Cm)  (PVYK’) (mW.cm-4K-4)

CoSb* co Sb
82  Isridgman p 1.24E+20 145.7 0.34 26 118

I-NG2 18
3-NG2 ‘ 82  lEltidgrnan p , ~ .60E+20 ? 20.0 0.32 - I

I
18

3-NG2 18 82 Bridgman p 1.58E+20 131.0 0.30 -

87 Bridgman p 1.24E+20 136.4 0.37 33 -
f-N810 ,, 13

w

2-NBIO 1P 1.33E+20 1301 0.37 I
13 87 Bridgman 30

87 Bridgman 1.1 6E+20 150:4 0.36 38 -
3-NBIO 13

!rSb2 Ir sb I I
f ~m-.iPil 66.67 I Powder metallurgy I p ~3.68E+l  8 26.0 65.35 60 ‘105

33.33 ~
I ~

!“!. .
: I COO°C/d  day + 900°C/ 7 days !

Table 1
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